Wet-etch figuring (WEF), a computer-controlled method for generating arbitrarily shaped optical surfaces using wet chemical etching, has been developed. This method uses applicator geometry and surface tension gradients (the Marangoni Effect) to define and confine the footprint of a wetted etchant zone on the surface. Capillary forces attach the flowing etchant solution to the underside of the optic being figured. No mechanical or thermal stresses or residues are applied to the optic by this process. This enables interferometric measurement of the glass thickness while surfacing, which then controls the placement and dwell time of the wetted zone. The result is a truly deterministic, closed-loop figuring process with a high degree of optical precision. This process can figure sub-millimeter thickness, large-aperture plates or sheets that are very difficult to finish by conventional methods. Automated linear and circular spot etching tools were used to demonstrate surfacing on 380 micron-thick glass sheets, to Strehl better than 0.8, as specified by data array or Zernike polynomials.
INTRODUCTION
Small-tool finishing or figuring of optical surfaces basically involves moving a small polishing tool in a controlled manner to shape the surface of an optic. It is a critical technology for producing optics for applications ranging from camera lenses for the consumer market, to large-aperture optics for inertial confinement fusion and space telescope systems. Examples of optics figured by these techniques include aspheric lenses, continuous-contour phase plates, wavefront correction optics, Alvarez lenses, Schmidt corrector plates and optics requiring local figure correction after processing via traditional lap polishing. Small-tool finishing is simultaneously a mature technology and one undergoing continuous development driven by the high cost and reproducibility problems of processes when applied to ever-tightening figure tolerances.
Traditional small-tool optical figuring techniques employ rotary polishing pads. Recent developments (1-4) utilize directed flow fields to impinge fine abrasive slurries to the optical surface.
Magneto-rheological finishing (5) (6) (7) , recently implemented on a commercial scale, extends this concept by controlling the viscosity of a specially formulated abrasive slurry by application of magnetic fields. Ion-beam milling techniques (8, 9) have been commercialized as well. These are alternative, fundamentally different methods for high-accuracy optical figuring.
All of the above-mentioned techniques suffer from fundamental limitations. They rely on calibrated removal rates, and are therefore iterative processes: the workpiece must be dismounted from the machine and measured, reworked and remeasured, until specifications are met. Ion beam milling techniques require large, expensive vacuum processing chambers and are not applicable to all materials. Abrasive small-tool polishing techniques cannot be used to figure very thin optics since the local mechanical stresses involved cause workpiece deformations that impact removal control and can even cause breakage.
Material removal on optical surfaces can be accomplished by etching or dissolution methods (e.g. silicate glasses are soluble in hydrofluoric acid solutions), but until now, wet etching has not been employed to figure optics. The problem has been largely how to confine the wetted zone of etchant solution to a specific stable geometry. A surface being etched is hydrophilic to the etching solution. If a bolus of etchant solution is moved along the surface of a workpiece, a thin liquid film will be left behind that will continue to etch the surface. In recent years, surface-tension gradient driven flow (the Marangoni effect) has been shown to be effective in causing this thin entrained film to flow off the surface of a workpiece back into the bulk liquid if said liquid is applied in the appropriate manner (10) (11) (12) (13) (14) . This phenomenon has been commercialized in the semiconductor processing industry for critical wafer drying applications.
We have employed the Marangoni effect to confine the wetted zone of an etchant solution on the surface of an optic. The wetted zone size and shape remains fixed as it is moved around on the workpiece surface. This allows the fluid to act on the surface of the workpiece only in this wetted zone with no mechanical contact or induced mechanical stresses applied to the workpiece. This in turn allows for real-time local metrology of the processing, and enables the processing of very thin (<< 1 mm thickness) large-aperture plates that cannot be surfaced by other means. This is an enabling technology for the precision figuring of very thin optics that can be used in lightweight, space and astronomy applications, high-power laser systems in which nonlinear effects due to bulk transmissive optics need to be minimized, display applications, pellicles, etc.
PROCESS DESCRIPTION
Liquid flows induced by surface tension gradients are generally known as Marangoni flows in honor of a 19th century Italian physicist who is credited with their elucidation (cf. 15). Thermal or concentration gradients can establish surface tension gradients. We have employed concentration gradients of absorbed low-molecular weight volatile organic compounds (VOC's, e.g. isopropanol) in a geometry in which the optic surface is etched from below (see Figure 1 ). The aqueous etchant flows slowly up through a small tube (or slot, in a one-dimensional tool) and flows out and down the outside of the tube or slot. Capillary forces cause the liquid to attach to the underside of an optic when it is placed in close proximity to the exit orifice. In the absence of surface tension gradients, a liquid film remains behind on the surface when it is translated with respect to the liquid applicator. VOC's introduced in the volume surrounding the fountain, either by natural evaporation from a pool, or convection in a carrier gas, absorb into the liquid. Greater concentrations of absorbed VOC build up near where the liquid meniscus attaches to the glass than lower down the meniscus where the falling film flow on the outside of the applicator refreshes the surface. This concentration gradient results in a surface tension gradient strong enough to pull the liquid film off of the surface as is moves laterally, resulting in a wetted zone of constant, stable size. The shape of this zone is fixed by the applicator geometry and to a lesser extent by the flow rate and the spacing between the orifice and the workpiece. Figure 2 shows a circular wetted zone for a two-dimensional figuring tool, and a linear wetted zone in a line-source geometry used to take the one-dimensional phase ripple out of commercially extruded thin sheet glass. Figure 1 . Schematic of Marangoni effect applied to aqueous etchant confinement. Left: water flowing over a dam with a glass sheet just over the dam being wetted as the glass is translated from right to left. Water in this case will adhere to the hydrophilic glass surface and remain behind as a film. Right: In the presence of VOC vapors (e.g. isopropanol) that absorb into the water film and reduce its surface tension, a surface tension gradient is established, lowest in the relatively quiescent thin film flow on the glass and highest in the continuously refreshed falling film zone. This gradient is strong enough to pull the liquid film off of the surface and maintain a wetted zone of constant size as the substrate is translated. A key element to the technology is the ability to measure while figuring in a feedback control loop that makes the process truly closed-loop controllable. In situ real-time interferometry is used to measure the surface shape as shown in Figure 3 . 
B
A point source (S) of coherent light illuminates the glass sheet from above directly over the etching head and at a slight angle. Two virtual point sources (S') and (S") appear in reflection from this glass plate and produce Interference fringes. At a given glass thickness (t) and angle of incidence (α) the apparent source shear separation (Χ) is given by:
The two sources are further separated in Optical Path Difference (OPD):
where (n) is the glass index of refraction. These two-beam interference fringes translate in phase as the glass thickness (t) changes. The fringe phase and thus the relative change of the OPD is measured and scaled to control the tool dwell time.
The fringe period d is given by:
where (L) is the distance from the source to the fringe projection plane and (λ) is the laser wavelength. In practice, a 633-nm HeNe laser source (S) is focused within a few mm of the glass surface using the geometry shown in Figure 3B . The interferometer fringe stability is very robust to machine vibrations due to its common-path design.
The glass relative thickness is measured from relative phase of the fringes on the camera. While in closed loop control the glass bottom side reflectivity is reduced because this interface being contacted with etchant, reducing fringe visibility to 0.1. The two dimensional digitized raw fringe intensities are seen in Figure 4 (A). A single one-dimensional array is made by summing column pixels along the fringe length to increase the fringe signal-to-noise. This one-dimensional sinusoidal array is FFT band-pass filtered to further improve the signal-to-noise ratio and generate the sinusoidal intensity pattern. This data is binned into 4 data zones R 0 -R 3 spanning a fringe period from PK1 to PK2, as shown in Figure 4B . The scalar values I 0 -I 3 are sums of these data regions. These values are used to calculate the fringe phase Φ according to the algorithm developed by Schwider et al. (16) , relative to these fixed regions: The area to be figured is divided into m by n pixels. The dwell time per pixel is scaled from real time relative thickness measurements as described above. The pixel size is chosen to be smaller than the tool size to ensure smooth figuring. The dwell time is a velocity of passage over a pixel. The dwell algorithm is to move the tool as rapidly as possible over areas that do not require surface removal. This top speed limit is set by the surface tension confinement strength of the wetted zone, and has comfortably demonstrated 1000 mm/min, The slowest speed, used where material removal rates are to be maximized, is typically 10-20 times less than the top speed. If the rate becomes too slow, etching of patterns on the scale of the tool size begins to become a problem.
DEMONSTATIONS OF THE PROCESS One Dimensional Smoothing of Sheet Glass
Many types of commercial extruded thin glass sheet products exhibit a reasonable transmitted wavefront in the draw direction, but suffer from several waves of optical distortion perpendicular to the draw direction. These multi-component glass sheets are available in dimensions greater than one meter and thickness ranging from 100 microns to a few millimeters. Until this time, there has been no method to flatten such large thin sheets to optical tolerances at a reasonable cost.
As a proof-of-principle experiment, we constructed a 1-D etcher wherein a stepper-motor stage moved a glass sheet over a slotted orifice 150 mm long, creating a wetted zone of this length and about 2-10 mm wide. Interferometric measurements were taken along one line, and used to control the wetted zone dwell time. A 150-mm wide by 200-mm long section of Corning 0211 glass, 380 microns thick, was processed using a buffered HF solution over a continuous 96-hour period. The transmitted wavefront of the result is shown in Figure 5 . Over 12 microns PV were removed. There is about 1 wave residual 2-dimensional error remaining on the flattened section. A second demonstration using a higher etchant concentration and 10-30-mm wide by 400-mm long wetness footprint was used to flattened 6.5 microns of excursion on a 400x400-mm-square section of 0.75-mm thick Corning 1737 glass in 24 hours. Profiles of the plate thickness measured at the control line at the start and end of the process are shown in Figure 6 . 
Fabrication of a Beam-Shaping Phase plate
An ultra-short pulse laser-cutting application at LLNL (17) can improve upon hole-drilling performance by use of a top-hat beam as opposed to a gaussian beam at focus. We designed a phase plate to transform a far field gaussian beam at 1030 nm into a flatter intensity profile before and after focus. It is essentially a lens of weak power but has spherical aberration. We fabricated this design using a circular 2-D WEF tool to figure this design out of 380 micron-thick, Corning 0211 glass, at 2.3-cm aperture. The substrate was mounted on a x-y stepper motor stage and glass thickness was mapped in-place interferometrically. This map and subsequent updates were used to control the dwell time of a circular WEF spot that varied from ~5-mm diameter at the start and shrinking to ~1 mm in diameter near the end of the working time. The final residual surfacing error was used to calculate the Strehl ratio. This criterion was used to determine when the part was finished. Several phase-plates of this design have been manufactured. Figure 7 shows the transmitted wavefront of one fabricated phaseplate that exhibited a residual surface error Strehl ratio of better than 0.85. The optic was finished in about 18 hours of continuous, automatic operation. This optic is now being used in routine laser-cutting operations. 
Static Wave front Corrector for a High-Power Laser System.
Most high power laser systems suffer from wavefront aberrations that are both static and dynamic. Adaptive optical elements such as deformable mirrors are typically employed to compensate for most aberrations. However, it is highly desirable to use a static wavefront 'pre-corrector' in the optical chain to correct for static aberrations and reduce the dynamic range required for the active wavefront control device. Researchers at the AWE facility in the United Kingdom have designed a static wavefront corrector for their purposes that calls for a complex surface with 12 microns PV departure over a 80 mm circular aperture (18) . Attempts at fabricating this corrector by a gray-scale photo-resist profile exposure followed by reactive ion etching to transfer the continuous profile into fused silica were of limited success, due to the lack of active process control to converge on the desired profile. Multilevel binary approximations to the continuous profile are less desirable due to intensity modulations that are known to occur at sharp edges that are capable of damaging downstream optics.
We have fabricated a corrective optic to specifications given by Zernike polynomials by the WEF technique, using the circular 2-D tool described above. This optic profile was a considerable challenge to fabricate and led to many process and control improvements. Processing of data at the edges of the part where steep gradients are etched over time was a significant problem. We employed a "corona guard band" strategy to overcome this. This zone spanned the distance from the circularly defined optic to a rectangular region 1 cm away from the optic. Whatever the dwell time was supposed to be at the edge of the optic was radially carried outward to the outer guard band frame edge. The final transmitted wavefront profile at 80-mm aperture shown in Figure 8 . The part was completed when the surfacing was within 100 nm of target. The residual error of the part is equivalent to a Strehl of 0.26. Since the process is controlled to the final figure, this optic was made in one step. 
DISCUSSION
Conventional polishing processes require more mechanical force as the tool size increases. The complexity and power requirements in ion-beam figuring increase substantially as the ion source size is increased. In contrast, it is quite easy to tailor the tool size in wet-etch figuring. The wetted zone can be made arbitrarily large and arbitrarily shaped without distorting the optical surface being figured. Furthermore, under conditions in which the surface removal rate is kinetically controlled, the etch rate is independent of local flow conditions and is constant everywhere in the wetted zone. Since the tool area is flexible, it is possible to rapidly work large area of low spatial frequency and later shrink the wetted zone size to finish off the higher frequency components of a surface shape. We have made applicators varying in wetted-zone size from 1 mm to 15 mm in diameter with a circular shape and 400 mm long fixed by 1-30 mm variable width for doing 1D profiles. The size of the wetted zone is easily customized to the particulars of a surface contour.
To date we have done the majority of our work on Corning 0211 (zinc borosilicate) sheets. We have used HF concentration of 0.5%-10% buffered with NH 4 F, or in combination with a mineral acid (nitric or hydrochloric) added to solubilize the non-silicate components of this glass. We have also etched pure fused silica and Corning 1737 (an alkaline-earth aluminosilicate). The etching rate is dependent on the glass solubility, etchant composition, temperature and concentration. This process is operated under ambient temperature and for concentration conditions that ensure that the etching rate is controlled by chemical kinetics and not influenced by mass transport phenomena. Of course, the exact etch rate need not be known, since the removal rates are measured in real time. On 0211 glass we have worked etching rates from 10 to 900 nm/minute. The time to finish a profile is the ratio of the volume of material to remove divided by the volume removed per unit of time by the tool. We never have to stop production to inspect progress, as it is measured in real-time. Since the tool area can be increased to arbitrary size and shape it becomes possible to decrease the working time by customizing the wet foot print tool area for some routinely similar work.
If the wetted zone size is constant over the course of the etching, the surface profile gradually develops discontinuities. Pulsating the etchant flow to cycle the size of the wetted zone alleviates this effect. This imparts a more Gaussian etch rate profile on average and minimizes sharp gradients at the tool edges. High-frequency tool-generated surface ripples were also minimized by reducing the tool size at later times in the figuring process and by keeping the ratio of high-to-low dwell times no greater than 5:1. We have also found it advantageous to provide a wicking effect on the outside of the applicator, to reduce the effective tool size to on the order of the orifice dimension, for final high-frequency figuring work. Glass fogging was observed if we were not careful to completely flush acid vapors from the vicinity of the etch head, by supplying an adequate flow of carrier gas to serve a dual purpose as a flushing gas as well as to supply isopropanol vapors.
Since WEF is a figuring process and not a polishing process, the micro-roughness of the surface is not improved upon figuring, and in fact could be worsened, depending on the degree of subsurface damage left by prior polishing processes, and by the degree of bulk inhomogeniety of the glass. This may limit its application in some critical applications where scatter loss is of primary concern. However, this figuring method may alleviate some other problems often associated with conventional polishing. Abrasive compounds at the sub-micron scale left behind in the gel layer upon final polish have been shown to significantly degrade the laser damage threshold of optics used for high-intensity UV laser applications (19) . The WEF process leaves no residues behind, and in fact can remove residues, so in principle it can improve the laser damage characteristics of optical surfaces. Since WEF imparts no subsurface damage, the glass remains mechanically strong.
FUTURE APLICATIONS
We are presently building an apparatus to remove the primary one-dimensional ripple from drawn glass sheets 1160x850-mm by 0.7 mm thick. This same tool will be outfitted with an adjustable wetted-zone width capability along its length, to remove the residual two-dimensional random errors left in these sheets. A 2D image-wise interferometer has been developed and its data output will be used to control the WEF width variations. The goal is to produce 800x800x0.7 mm sheets that are optically flat to less than 1/8 wave in transmission. These will be used as segments in a 5-meter diameter foldable Fresnel lens for space applications (20, 21) . We are also investigating the manufacture of 400mm square, 10 mm thick random continuous contour phase plates for beam homogenizing on LLNL's NIF laser system (22) as well as wavefront corrective optics. We will look into making continuously varying gray scale apodizers having embedded phase correction, in which an initially uniform gray scale is selectively tailored by etching. We are exploring the utility of this process for figuring of fused silica pellicles for deep UV lithographic imaging systems (23) . It is also possible to use a shearing interferometer (24) to measure the front surface contour of opaque substrates to control WEF processing of these surfaces.
CONCLUSIONS
A process for closed-loop computer-controlled figuring of optical surfaces by Marangoni-confined wet-etch figuring has been demonstrated. Unlike other figuring techniques, no mechanical or thermal stresses are applied to the workpiece in this method. No residue is left on the optic. This allows for in-situ interferometric metrology of the workpiece during figuring, to control the placement and dwell time of the wetted zone locally on the workpiece. Thus, figuring is truly deterministic, eliminating the figure/measure iterative cycle. The lack of stress experienced by the substrate also allows for the figuring of very thin, sub-millimeter thickness optical glasses to precise optical tolerances, something that is achievable only at great expense using existing techniques. The process is simple to implement, automated, operates at ambient conditions, and requires no elaborate or expensive calibration or tooling.
